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We study spin fluctuation (SF) mediated superconductivity (SC) in a half-filled square lattice 
Hubbard model with the transfer matrices —t between nearest neighbor sites and —t' between a 
half of next nearest neighbor sites neighboring along only one of the (1, 1) directions, considering 
application of this model to organic k-(BEDT-TTF)2X compounds. Varying the t' /t value from 
to 1, one can interpolate between a square and an equilateral triangular lattice, the latter 
giving frustration to antiferromagnetically (AF) coupled spin systems. Within the fluctuation 
exchange (FLEX) approximation, we calculate x('?i^)i Tc and the SC order parameter for 
various model parameter values and find that both AF and SC are suppressed as one approaches 
the frustration geometry or \{t' /t) — 1| -^0. The SC phase, however, extends beyond the AF 
phase boundary fairly close to t' /t = 1 for realistic U /t values. The order parameter is of 
x'^ — 2/^-type for t' /t < 1 and of a::y-type for t' /t > 1. 
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According to recent investigations an organic com- 
pound K-(BEDT-TTF)2Cu2(CN)3 is a Mott insulator 
under ambient pressure showing spin hquid or resonat- 
ing valence bond (RVB) behaviors without any mag- 
netic order down to 32 mK.^ Under moderate pressure 
it undergoes a phase transition into a superconducting 
(SC) state with = 3.9 K.^ The crystal structure of n- 
(ET)2X, where ET stands for BEDT-TTF, is quasi-two 
dimensional, consisting of an approximate square lattice 
of dimers. It has been discussed that the square lattice 
Hubbard model with the transfer integrals —t and —t' 
between antibonding dimer orbitals as shown in Fig. 1 
well approximates the relevant electronic structures of 
this group of substances.^''* For t'/t = 1 the model is 
topologically equivalent to the equilateral triangular lat- 
tice and the above-mentioned spin liquid like behaviors of 
K-(ET)2Cu2(CN)3 were interpreted in terms of the theo- 
retical results for the Heisenberg model with a triangular 
lattice.^' ^ The estimated t'/t value for this substance is 
close to 1 (i'/t ^ 1.1), supporting this interpretation. 

As for the origin of superconductivity we first empha- 
size that the superconductivity occurs on the metallic 
side of the Mott transition and thus we are dealing with 
an intermediate coupling regime where a local magnetic 
moment is absent or not well defined. Furthermore, since 
the Mott transition is considered to be the first order 
phase transition, the SC phase is discontinuous with the 
insulator phase. Thus the SC phase may better be ap- 
proached from the weak coupling or metallic side, with 
the consideration of electron-electron correlations. The 
situations are quite different from the doped Mott insu- 
lators in the strong coupling limit as is frequently repre- 
sented by the t-J model.'' 
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Fig. 1. (a) The model unit cell and the transfer integrals, and (b) 
and (c) unperturbed Fermi surfaces for t'/t = 0.8 and t'/t = 1.2, 
respectively, = {n,n), q2 = (tt, — tt), = (7r/2, 7r/2). 



An equilateral triangular lattice is well known with 
its geometrical frustration for an antiferromagnetically 
(AF) coupled spin system occupying all lattice points. 
Although the ground state of the system is considered 
to be a 120 degree spiral state^"*° the spin fluctuation 
is expected to have local singlet correlations, although 
without a spin excitation gap. For itinerant electron sys- 
tems with a half-filled band in such a lattice with geo- 
metrical frustration, however, we rather expect to have 
multi- and broad peak structures of wave vector depen- 
dent susceptibility. The height of each peak is generally 
much lower than that of an antifcrromagnetic peak in a 
lattice without frustration and thus the tendency toward 
magnetic ordering is strongly suppressed. 
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Next we point out that the spin fluctuation (SF) me- 
diated superconductivity occurs even when the system 
is fairly far from the magnetic instability insofar as the 
wave vector dependent part of the susceptibility is sig- 
nificantly enhanced. As a matter of fact we have demon- 
strated this situation in previous papers for the above- 
mentioned Hubbard model with t' /t < 1 by using the 
fluctuation exchange (FLEX) approximation. "'^^"^'^ 

According to ref. 14 a calculated phase diagram in a 
U/t against t'/t plane {t'/t < 1) shows that the AF in- 
stability line tends to go upward or the critical value of 
{U/t)AF tends to diverge as t'/t approaches 1. Of course 
FLEX approximation is not reliable for very large val- 
ues of U/t. Nevertheless it is interesting to see that this 
approximation clearly shows the absence of magnetic or- 
dering in the lattice with frustration geometry. The SC 
instability line is located significantly lower than the AF 
instability line and the critical (C//i)sc value increases 
rapidly as t'/t = 1 is approached. However, the SC phase 
extends fairly close to t' /t — 1 within realistic values for 
U/t (- 82-4). j.^ decreases as t'/t approaches 1 and for 
t' /t = 1 the SC phase is not found even for larger U/t 
values. 

The purpose of the present note is to report on the re- 
sults of extended FLEX calculations for the same model 
with the values for the parameter t'/t around 1 including 
the case of t' /t > 1 and to discuss possible SF- induced 
superconductivity in this group of substances, including 
K-(ET)2Cu2(CN)3 under pressure. 

The model and approximation are the same as those 
discussed in refs. 11-14. We show in Fig. 2 the wave vec- 
tor dependent susceptibility 0) in the q-space for 
various values of t'/t and U/t. The peak at (tt, tt) for 
the square lattice {t'/t = 0) is well known. With in- 
creasing t'/t this peak persists up to a fairly large value 
of it and then splits into two, their separation increas- 
ing as t'/t = 1 is approached. For t'/t = 1 we observe 
broad humps centered roughly around (27r/3, 27r/3) and 
(— 27r/3, — 27r/3), etc. With still increasing t'/t > 1 we 
see fairly sharp ridges passing through (7r/2,7r/2) and 

(~V2,-V2). 

This result combined with the Fermi surface geometry 
as shown in Fig. 1 suggests different symmetries of the 
SC order parameters for t'/t < 1 and t'/t > 1, as will be 
discussed below. As for the critical {U /t)AF value for the 
magnetic instability, we find that the values are signifi- 
cantly larger for t'/t > 1 than the corresponding (same 
distance from t'/t = 1) values for t'/t < 1. 

The calculated values for Tc/t against U/t are shown 
in Fig. 3 for various t'/t values. In Fig. 4, Tc/t is plotted 
against t'/t for several U/t values. We see that de- 
creases as t'/t approaches 1. Although it is not easy to 
extend the present calculation to cover still lower tem- 
peratures or to convincingly extrapolate the results for 
t'/t > 1 in Figs. 3 and 4 to lower values for Tc/t, the 
present results clearly indicate that the SC phase is ex- 
tended to cover a region fairly close to t'/t = 1, including 
the location of k-(ET)2Cu2(CN)3 {t'/t - 1.1). 
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Fig. 2. Calculated wave vector dependence of the magnetic sus- 
ceptibility for various parameter values: (a) t'/t = 0.8, (b) 
t'/t = 0.9, (c) t'/t = 1.0, (d) t'/t = 1.1 and (e) t'/t = 1.2 
at T/t = 0.02 and U/t = 10. 

Some examples for the calculated q-dependences of the 
order parameter are shown in Fig. 5 together with the 
corresponding Fermi surfaces. We see that the symmetry 
of the SC order parameter changes from — j/^-type to 
a;?/- type as we go from t' /t < \ to t' /t > 1. 

This result is interesting in view of recent controversy 
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Fig. 3. Calculated values for Tc/t against U/t. (a) t' /t < 1. (b) 
t'/t > 1. 
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Fig. 5. Anisotropy of the SC order parameter showing — y^- 
type behavior for t'/t < 1 and xy-type behavior for t'/t > 1 and 
corresponding Fermi surface geometry. 
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Fig. 4. Calculated values for Tc/t against t'/t. 

as to the symmetry of the order parameter in k-(ET)2X. 
A recent study of the anisotropy of thermal conductiv- 
ity in «;-(ET)2Cu(CNS)2 indicates that the symmetry of 
the order parameter is of xy-type.^^ This is in contrast 
with the previous calculations indicating — j/^-type for 
t'/t < 1. Although t'/t < 1 is predicted for this substance 
from theoretical estimations,^ approximations involved 
do not seem to be absolutely convincing. One might also 
expect some physical mechanisms to deform the Fermi 
surface geometry. In view of the above results of calcu- 
lation systematic experimental studies for the SC order 
parameters and Fermi surfaces for a larger number of 
examples of k-(ET)2X are desirable. 



As was seen from the present calculation as an ap- 
proach from the weak coupling side, lattice structures 
with geometrical frustration are not favorable for SC, al- 
though the SC phase in the present example seems to 
extend with decreasing fairly close to the equilateral 
triangular lattice. 

It is desirable to develop a theory for intermediate cou- 
pling regime interpolating between the strong and weak 
coupling limits. Such a theory is necessary in order to 
really understand the Mott transition. This seems to be 
a difficult problem particularly when we have a spin liq- 
uid state on the insulator side. With decreasing U/t the 
range and strength of local singlet correlations in the spin 
liquid state are expected to change continuously until the 
M-I transition takes place. The possible importance or 
unimportance of singlet correlations on the metallic side 
of the Mott transition seems to be an even more difficult 
problem outside the scope of the present approach. We 
leave these problems for future investigations expecting 
the present approach to contain essential physics in this 
regime. 

It should be noted that the present approach covers an- 
tiferromagnetic and frustrated regimes continuously with 
varying t'/t values and gives reasonable results for the 
former regime. For the latter regime we predict that with 
increasing geometrical frustration or t'/t approaching 1, 
Tc is suppressed and for the triangular lattice, t'/t = 1, 
we have no superconductivity. A part of the present pre- 
dictions seems to be consistent with the experimental 
result for k-(ET)2Cu2(CN)3 as compared with the other 
K-{FiT)2X superconductors. However, we have only one 
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example of experimental result to compare in the spin 
liquid regime. Thus we had better wait for systematic ex- 
perimental studies on various substances with t' /t close 
to 1 before drawing a conclusion. 

We would like to thank Dr. H. Kino and Dr. S. Naka- 
mura for useful discussions. 
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